Background: Piglet isosporosis is one of the most common parasitic diseases in modern pig production. To prevent clinical disease, prophylactic treatment of piglets with toltrazuril (BAYCOX W 5%, Bayer HealthCare, Animal Health, Monheim, Germany) is widely practiced in the past 20 years. There are only very few reports documenting the likely effect of managerial practices, such as hygiene measures, all-in-all-out management of farrowing facilities and piglet manipulations, and/or farm-specific environment -i.e. design and materials of the farrowing pen and room -in the risk of disease occurrence and transmission. Therefore, in this cross-sectional study, we identified litter-and herd-level factors associated with the odds and the level of Isospora suis oocyst excretion in nursing piglets of Greek farrow-to-finish pig herds. Faecal samples were collected from 314 liters of 55 randomly selected herds. Oocyst counts were determined by a modified McMaster technique and possible risk-factor data were collected through a questionnaire. In the analysis, we employed a two-part model that simultaneously assessed the odds and the level of oocyst excretion. Results: Factors associated with lower odds of oocyst excretion were: use of toltrazuril treatment, all-in all-out management of the farrowing rooms, no cross-fostering or fostering during the first 24 hours after farrowing, plastic flooring in the farrowing pens, farrowing rooms with more than fourteen farrowing pens and employment of more than two caretakers in the farrowing section. Factors associated with lower oocyst excretion level were: use of toltrazuril treatment and caretakers averting from entering into farrowing pens. Conclusion: Apart from prophylactic treatment with toltrazuril, the risk and the level of I. suis oocyst excretion from piglets in their second week of life, was associated with managerial and environmental factors. Changes in these factors, which may enhance prevention of piglet isosporosis -either alternatively or supplementary to medical control -are of increasing importance because of the likely development of resistant parasites under the currently widespread use of anticoccidial compounds.
Background
Isospora suis is one of the most prevalent parasites in intensive pig production worldwide [1, 2] and can cause significant economic losses due to transient diarrhoea and dehydration in nursing piglets followed by decreased weight gain and poor performance [3, 4] . The disease occurs mainly in the second to third week of life and is characterised by high morbidity and low mortality except for cases with secondary bacterial infections [5, 6] . Once I. suis has been established in a farm, the infection is probably maintained through transmission from one generation of piglets to the next [7] via contaminated farrowing pens [8, 9] . Sows are rarely found to excrete oocysts [9] , and may not play a critical role for I. suis infection persistence in an infected herd [2] .
I. suis is present in all types of farrowing facilities and under all types of management systems [10] , regardless of herd size and housing conditions [6, 11] . A study carried out in 12 European countries confirmed the presence of I. suis in 26% of litters and in 69% of the herds examined [12] . Studies conducted in several European countries estimated the prevalence of clinical isosporosis and identified factors -like hygiene measures and perforated pen floors -which appeared to lower the risk of disease [1, 13] .
Several aspects of the I. suis epidemiology have not been fully conceptualized yet. There are only very few reports documenting the likely effect of managerial practices, such as hygiene measures, all-in-all-out management of farrowing facilities and piglet manipulations, and/or farm-specific environment -i.e. design and materials of the farrowing pen and room -in the risk of disease occurrence and transmission [1, 14, 15] . Unveiling the epidemiology of the infection is a prerequisite for the control of the disease through interventions in management procedures [2] . This explicitly falls within the concept of the "component cause": the identification of the specific mixture of necessary conditions and events (i.e. duration and level of exposure to the pathogen and the presence of animal-and herd-specific risk factors) which are both necessary and sufficient to produce I.suis infection and determine the future course of the infection [16] . Factors varying at the litter-level -such as the age at initial infection, infection dose, duration of exposure and the age-related resistance to re-infection [2, [17] [18] [19] [20] -may affect the relation between the oocyst excretion pattern and clinical isosporosis. Interestingly, even under identical animal housing conditions and experimental infection procedures considerable within and between litter variation [19, 20] in oocyst excretion levels and diarrhoea occurrence [6] has been observed. Currently, no field studies aiming to identify factors associated with the risk and/or the level of oocyst excretion have been reported. Factors operating at the litter-or herd-level may account for a significant portion of the among-herds variation in the risk of occurrence of oocyst excretion, the level of excretion and the risk of diarrhoea [21] . In this study we aimed at quantifying the effect of litter-and herd-level factors on the odds of occurrence and the level of I. suis oocyst excretion in nursing piglets of Greek farrow-to-finish pig herds.
Methods

Pilot study
A pilot study, including ten herds, randomly selected from the country's national registry, was conducted before the initiation of the study, to obtain prior information for estimation of the required sample sizes. From each of these ten herds, ten randomly selected litters in their second week of life were sampled and tested as described below (section 'Parasitological methods'). Based on the data collected from the pilot study, we estimated an intra-herd correlation coefficient (ICC) for oocyst excretion of 0.4, and detected excretion in 20% and 80% of the litters in herds treated (six herds) or not (four herds) with toltrazuril (BAYCOX W 5%, Bayer HealthCare, Animal Health, Monheim, Germany), respectively.
Sample size determination
Based on the results of the pilot study a minimum difference of 60% was expected in the proportion of positive litters between those treated and not treated with toltrazuril. The minimum required sample size for comparing two proportions, based on the standard sampling formulae, equals to 26 litters, 13 for each group. Sample size calculations were done with the Piface java applet [22] . However, in the presence of clustering, standard individual-based sample size formulae do not account for the between herd variation [23] , and therefore, estimated sample sizes must be inflated by the variance inflation factor: VIF = 1 + ICC*(ms-1) [24] , where ms is the mean number of litters sampled in each herd. The ICC under the pilot study was 0.4 and assuming an ms = 5, VIF was equal to 2.6. Thus, a total of 26*2.6 = 68 litters was required. In order to increase the statistical power for identifying risk/preventive factors which may be strongly correlated with toltrazuril treatment, an almost 5-fold increase in the total sample size, which could be financially supported by the study's budget, was decided. Thus, a total of 345 litters from 60 farrow-to-finish herds were sampled.
A two-stage sampling design was used. Initially, herds were randomly selected from the country's national registry, after excluding herds with less than 20 sows and those located on the Greek islands. Consent for participation in the study was obtained after personal communication of the owner or the manager of the farm with the primary author. When they denied participation, the farm located closest was contacted and, if agreed to participate, was sampled. Subsequently, litters were randomly sampled within the selected herds.
Collection of questionnaire data
To collect data on factors likely affecting the risk of oocyst excretion we developed a questionnaire (see Additional file 1) which, based on previous reports [25, 26] , aimed to detect two potential clusters of risk/preventive factors relating to (i) hygiene practices and (ii) characteristics of the farrowing facilities. Eighty questions were included on factors that varied either at the litter-or herd-level. For herd-level factors all animals/litters in the same herd will have the same characteristic, whereas, litter-level factors are independent of herd and can vary between litters of the same herd [27] .
The data included information on herd size, production parameters, housing conditions, managerial strategies, disease prevention, hygiene practices, cleaning and disinfection procedures, farrowing room and pen design as well as application of toltrazuril treatment. Fifty-three questions were closed (e.g. yes/no, always/frequently/ seldom/never or pre-set options), twenty-one were semi-closed (e.g. information on number of days, farrowing pens and rooms, application frequencies of certain procedures) and the remaining were open-ended (e.g. product names, descriptions). The interviewer checked the accuracy of some data, such as size and location or flooring of the farrowing pen, by inspecting the farrowing facilities. Questionnaires were filled-in, before sampling, with personal interview of either the owner or manager of the herd by the first author (VS). The interviewer had no prior knowledge of the I. suis status of the herds.
Parasitological methods
From each of the selected herds five to ten litters in their second week of life (from day 8 to 14 post farrowing (p.f.)) were sampled. The cross-sectional type of the study and the fact that all the studied farms were managed with continuous farrowing, justified the variable number of sampled litters. Evidently, at the herd visit we could find more litters in the second week of life in larger than in smaller herds. Each sampled litter represented a different number of litters in small than in large herds. Faecal samples were collected, using a swab, from the rectum [2] of each from half of the piglets of each litter and then pooled. At least two grams of faeces were collected from each sampled litter [1] . Each pooled sample was stored individually in labelled plastic containers. To avoid cross-contamination, plastic protective shoes and gloves, which were changed between litters, were used during sampling. Oocyst concentration was determined by a modified McMaster technique using saturated sodium chloride solution with 500 g glucose per litter, as flotation fluid [13, 28] . The oocysts were counted in glass McMaster chambers under a fluorescence light source using UV excitation (340-380 nm) and oocyst excretion was expressed as oocysts per gram of faeces (OPG) [2, 29] . The method has a lower detection limit of 20 OPG. Piglets of infected litters usually acquire I.suis early in their life. It is conceivable that few (one or two) lately infected piglets might give such a low nondetectable value but the outcome from an infected litter pool would definitely be positive. Thus, the probability that an infected litter is misclassified as negative is minimal when a pool of faeces from half of the piglets of each litter is tested.
Each pooled faecal sample was considered positive for oocyst excretion if the minimum concentration of 20 OPG was detected and the respective litter was classified as one that excreted oocysts. When all litters from a herd were negative, we used a standard protocol of resampling the same litters one week later to minimize the probability of misclassifying an infected herd [11, 13] . Only, the results obtained at re-sampling were used in the analysis. A herd was considered positive if at least one litter sample was positive.
Statistical analysis Assessing the odds and the level of oocyst excretion OPG counts were semi continuous data (Figure 1 ), characterized by the presence of a large portion of zero values and skewing to the right of the non-zero values [30] . Logarithmic transformation can be used to normalize the positively skewed non-zero values but excess zeros remain a problem. Using a logistic regression, after recording data into a dichotomy (zeros vs. ones) is a common approach, but important information is discarded since the question of "how much" something occurred is reduced to "whether or not" it occurred [30] . Two-part models can account for the concentration of excessive zero-valued observations. This approach uses logistic regression to predict the probability of occurrence of a non-zero value in the first part, and linear regression to predict the amount of the non-zero values in the second part [31] .
We employed a two-part model with the presence or absence of oocyst excretion at the litter-level as the response variable in the first part of the model, while the natural logarithm of the non-zero OPG was the response variable in the second part. Random-effect terms were incorporated in the model to account for the within herd correlation of observations for both the odds and level of oocyst excretion. Furthermore, to capture the biologically plausible fact that herds with higher rates of oocyst excretion may also have higher OPG counts, we adopted a structure that adjusted for the cross-equation correlation of the random-effects terms between the logistic and linear part of the model [31] . Lastly, sampling weights were used in order to adjust for the unequal selection probabilities of litters originating from herds of unequal size. Specifically, these weights denoted the inverse of the probability that each litter from each herd is included because of the sampling design, thus, giving increased weights to litters of larger herds.
For model building, all candidate variables were initially screened, one-by-one, using a bi-variable approach [32] . Toltrazuril treatment was forced into both parts of all models because it is known to reduce both the odds and the level of excreted oocysts [21] . For the past fifteen years, prophylactic toltrazuril treatment was inherent to the control of swine isosporosis in Greece. Thus, the assessment of the effect of the candidate variables on the risk and the level of OPG excretion should adjust for the use of toltrazuril treatment. During this screening phase, a significance level of 0.25 was used [33] . Then, variables with P < 0.25 in both or either part were simultaneously offered to a full model which was, subsequently, reduced by backwards elimination [34] , until only significant (P < 0.05) variables remained. When pairs of highly correlated variables were encountered, selection of the variable to be included in the model was based on biological plausibility. Two-factor interactions were created between the remaining variables and offered one at a time to the model. Finally, a stepwise forward selection process was done by offering previously excluded variables to the final model one at a time.
Goodness of fit
To check the adequate fit of the model to the observed data, we simulated the infection status (oocyst excretion or not) and the amount of oocysts excreted for each litter, under the final model. The simulated data under each part of the model were then compared to the observed data [31, 35] . Briefly, we simulated 10,000 samples from each part of the model and formed the 100*q% equal tailed credible intervals. The model under consideration is adequate for the data if at least 100*q% of the actual observations lie in this interval. For the logistic part of the model, the agreement between the simulated and the actual oocyst excretion status was high. For the linear part more than 95% of the actual observations were within the 95% credible intervals of the simulated values, suggesting an adequate fit of the model.
Statistical software
Estimation of the two-part random effects model was performed using the freely available software aML (aML Multilevel Multiprocess Statistical Software: Version 2.0., Econ Ware: Los Angeles) which supports multilevel models and takes into account, by default, the different level of hierarchy of the fitted covariates [36] .
Results
All but one of the selected farmers consented to participate in the study. Data from five herds were not considered in the analyses because the farmers failed to adequately fill-in several questions. Thus, the data analysed comprised of fifty-five herds, totalling 314 sampled litters. Only two out of the ten herds which were initially found negative, were found positive at re-sampling while the remaining eight herds tested negative. From the herds found infected, 146 of the sampled litters tested positive (Table 1) .
After questionnaire data compilation, fifty-three variables (18 litter-and 35 herd-level) were initially screened as candidates for inclusion in the final two-part model. Those with P < 0.25 in the tri-variable analysis are in Table 1 . After selection of the parsimonious multivariable model, none of the tested interaction terms was significant (P < 0.05). Also, none of the previously excluded variables was significant. The final two-part model included six factors in the logistic part and two factors in the linear part (Table 2) .
Litters in herds using toltrazuril treatment had 3.70 [95% Confidence Interval (CI): 1.56; 9.10] times lower odds of being positive compared to litters in herds not treating. Application of cleaning and disinfection procedures to the entire farrowing room, after all litters were weaned, compared to split-weaning of the room and cleaning only the pens of the weaned litters, decreased the odds of litter positivity by 3.00 (1.03; 9.00) times. Litters in which cross-fostering of piglets was performed after the first day p.f. had 4.20 (1.15; 15.64) times higher odds of positivity, compared to either not applying cross-fostering of piglets or performing this practice during the first 24 hours p.f.. Litters in farrowing pens with metal perforated floor had 2.81 (1.19; 6.52) times higher odds of excreting oocysts, compared to litters in pens with plastic perforated floor. Litters in farrowing rooms with more than fourteen pens had 3.70 (1.81; 7.69) times decreased odds in excreting oocysts. Finally, in the herds where more than two caretakers were employed in the farrowing section, litters had 2.70 (1.28; 5.88) times lower odds of being identified as positive.
From the linear part, litters in herds using toltrazuril treatment had 7.03 (2.23; 22.20) times lower mean OPG compared to herds not using toltrazuril treatment. Further, litters in herds where caretakers of the farrowing section entered in the farrowing pens, in order to perform the necessary manipulations in piglets, had 3.85 (1.22; 11.94) times higher mean OPG compared to herds where caretakers avoided entering the farrowing pens. The herd-level variance was 0.82 (standard error: 0.19) and 1.49 (0.33) for the logistic and the linear part, respectively. The cross equation correlation between the herd-level random effects of the logistic and the linear part was 0.95, revealing that herds at higher risk of excretion were more likely to also experience higher excretion levels (P < 0.008).
Discussion
We performed this cross-sectional study in order to identify litter-and herd-level factors affecting the odds of occurrence and the level of I. suis oocyst excretion in nursing piglets of Greek farrow-to-finish herds. Alterations in managerial practices and environmental factors are likely to contribute to the control of isosporosis through the reduction rather than the elimination of oocyst excretion, at least in the medium term. Thus, from an epidemiological point of view, there is an interest in the identification of risk factors that reduce the risk and/ or the level of oocyst excretion. The majority of the candidate risk/preventive factors, and those in the final model, can be considered constant over time since they represent either routine managerial practices or refer to properties of housing facilities. They were not subject to modification depending on the perceived or observed oocyst excretion risk and, hence, minimized the limitations arising from the cross-sectional design. This design, however, may not have captured the well-accepted daily variation in oocyst excretion levels. This may explain the fact that the majority of the factors identified in our analysis were associated with the odds and not the level of oocyst excretion (Table 2) .
Risk factors
Application of early routine treatment with toltrazuril reduced both the odds and the level of oocyst excretion. The efficacy of this treatment against piglet coccidiosis has been previously demonstrated in experimentally infected piglets [36, 37] as well as under natural infection conditions [19, 21, 38, 39] . Toltrazuril affects all endogenous parasite stages [40] and suppresses the development of oocysts [41] . Treatment delays the onset of oocyst excretion and decreases both the odds of oocyst excretion and the mean amount of excreted oocysts [21] . Therefore, it lowers infection pressure and contributes to a slower and incomplete spread of I. suis [40] , until piglets are sufficiently resistant to both infection and clinical isosporosis [17, 37] .
Herds practising cross-fostering of piglets after day one p.f., had litters with higher odds of oocyst excretion compared to litters in herds where cross-fostering was not applied or done within the first 24 hours p.f.. Late cross-fostered piglets may shed earlier and may be responsible for litter over-contamination. Early fostering reduces exposure of piglets to the stress of fostering. The severity and duration of diarrhoea are greater and earlier in cross-fostered piglets compared with resident counterparts despite that fact that the former excrete less oocysts [17, 19] . The latter may be partly ascribed to the absence of a solid immunity status in late crossfostered piglets [17] , which are moved in an environment with pathogens against which they do not have adequate protection. Further, late cross-fostering could lead to the introduction of piglets from an infected litter to an uninfected one or one with low shedding. Cleaning and disinfecting the entire farrowing room after all litters were weaned reduced the odds of oocyst excretion. The proposed approach is an indication of a relatively high standard in the practiced hygiene procedures in a farm, as part of an integrated all-in-all-out management. Reduced environmental contamination, by thorough cleaning, can be effective in preventing or delaying initial I. suis infections in very young suckling piglets [2] and farms applying above-average hygiene measures have decreased infection rates [13] . Cleaning the entire farrowing room at once, instead of cleaning the pen of each weaned litter, provides a simultaneous and homogeneous reduction of the contamination level in all pens. Complete removal of oocysts from the environment is practically unfeasible; however, lower infection pressure can reduce the odds of clinical disease [25] , initiating a slower and incomplete spread of the disease [37] .
We failed to identify a significant association of the perforated proportion of pen flooring with the odds or the level of oocyst excretion. However, a significant effect was observed for the type of perforated flooring: plastic flooring decreased the risk of oocyst excretion compared to metal flooring. Likely, this is because plastic flooring is a material that can be easily and effectively cleaned, thus, leading to a reduced number of ingested oocysts. Metal flooring, compared with plastic, is harder to maintain clean [42] , thus the applied sanitary procedures could more effectively remove infectious oocysts in farrowing pens with plastic flooring, compared to metal flooring, resulting in decreased infection pressure for the successive litter.
Litters in farrowing rooms with large number of farrowing pens had decreased odds of occurrence of oocyst excretion. An important route of I. suis transmission, besides the one between successive litters (one generation of piglets to the next), is from one oocyst excreting litter to a neighbouring one, via mechanical carriers [26] . The aforementioned between-pen transmission and eventually built-up of the environmental contamination may be favoured in smaller than larger farrowing rooms. Smaller rooms may be looked after by only one caretaker while this may be less likely in larger units. Room size was correlated (P = 0.03) with the number of caretakers employed in that section. Furthermore, the size of the farrowing room may be considered as a proxy variable for a mixture of good managerial practices which are more consistently and efficiently adhered to in larger farms.
The presence of more than two caretakers in the farrowing section resulted in decreased odds of oocyst excretion. The existence of more caretakers could provide adequate manpower to maintain a relatively constant and high level of hygiene. Moreover, hygiene is sometimes neglected during work-intensive periods [13] , thus more caretakers, regardless of herd size, can ensure a higher ratio of labour dedicated to cleaning. In some herds all routine manipulations in piglets by caretakers were carried out without them entering in the farrowing pens. Those litters had a lower infection level, as expressed by lower oocyst excretion. This practice has been proposed as an additional preventive measure for control of isosporosis. Limited access of farm workers to pens, with possibly infected piglets, can prevent pen-topen spread of infection via mechanical transfer of oocysts with boots [9] . Furthermore, others [26] suggested that the most important route of transmission is not from one litter to the next within the same pen, but more likely from one oocyst excreting litter of piglets to a neighbouring litter of younger and highly susceptible piglets, for example, via contaminated boots of the animal caretaker.
